The successful functioning and stability of an anaerobic digester depends on the interplay of several factors, each of which is very important to the success of the system as a whole. pH is central to the whole system as it dictates the survival for the bacteria. In this study the effect of digester pressure was investigated at a fixed temperature of 36°C. The digester pressure was manipulated using back pressure regulator. Grass cuttings were used as feed material to the digester. Three pressures of 2bar, 4bar and 6bar were investigated for a period of ten days. The characteristics and methane yield achieved when digesting grass cuttings under constant digester pressure (gauge pressure) suggested that it is possible to produce biogas that has minimal amount of CO 2 . The highest methane compositions at 0bar, 2bar, 4bar and 6bar were 55.77, 62.2, 65.8 and 71.2% and carbon dioxide compositions were 58.85, 35.2, 32.5 and 26.2%. The amount of CO 2 decreased significantly with increased pressure and the pH values dropped to 7.01, 6.96 and 6.78 respectively with increase in pressure.
Esther T. Akinlabi is a Full Professor and currently serves as the Vice Dean for Teaching and Learning, Faculty of Engineering and the Built Environment, University of Johannesburg, South Africa. Her research interest is in the field of renewable energy and modern manufacturing processes. Her researches in the field of laser based additive manufacturing include laser material processing and surface engineering. In the field of renewable energy, she is also conducts research in biogas production and wind energy. She is a rated National Research Foundation (NRF) researcher and has demonstrated excellence in all fields of endeavours. She is a recipient of several research grants and has received many awards of recognition to her credit. She is a member of the South African Young Academy of Science. She has filed two patents and authored/co-authored over 180 peer-reviewed publications.
Robert Huberts holds a PhD in Chemical Engineering from the University of the Witwatersrand. Currently, he is a Senior Lecturer in the Department of Chemical Engineering at the University of Johannesburg. Robert has over 12 years experienced in the field of bioleaching, and has been involved in the IT industry and two small businesses. He has more than 13 years experienced in academia. He is teaching interests and experiences are in heat and mass transfer operations, production engineering and chemical engineering technology. His main areas of research are in bacterial leaching, bio waste to energy, anaerobic digestion and engineering education.
Introduction
Environmentally clean, renewable, and fuel sustainability are the three most common terms used in the world of transportation. As such, biogas, which is generated through the anaerobic degradation of organic materials, is proposed by many researchers as one of the most promising environmentally friendly and reliable renewable fuels for the future (Komiyama et al., 2006) . A typical biogas mixture produced in the anaerobic degradation of organic matter comprises of approximately 55-70% CH 4 , 30-45% CO 2 , and trace amounts of NH 3 (80-100 ppm), H 2 S (1,000-3,000 ppm), and hydrocarbons (<100 ppm) (Xuan et al., 2009 ). However, with high amounts of incombustible CO 2 , the application of biogas for internal combustion and other similar related applications become more and more limited due to its lower heating value (HV). High amounts of carbon dioxide in the biogas further affect combustion efficiency, which in turn limits the engine peak power. For this reason it has become necessary to introduce a cleaning stage after the digester to bring down to a reasonable extent the amount of impurities that affect the combustion of the gas. In most cases purification of biogas is done after the production stage, triggering additional costs. The use of biogas for transportation in other parts of the world, such as European cities has now reached an advanced stage (Köppel et al., 2009 ). Lindeboom et al. (2011) showed in their investigation that under auto-generative pressure, anaerobic digestion has the potential to produce biogas of natural gas quality. Ramatsa et al. (2014 suggested in their review paper that operating the digester under regulated pressure may lead to better quality gas. According to Abe and Horikoshi (2001) , methanogens are metabolically active at the pressures of up to 100bar. It is the auther's contention that at an elevated pressure CO 2 has a high degree of disappearing as compared to CH 4 gas. The latter observation was also reported by other authors (Friedmann and Markl, 1993; Hayes et al., 1990) . The dissolved CO 2 can be degassed from solution and recovered easily for subsequent use.
Even though pressurised digester technology comes with extensive advantages over conventional systems, its industrial application is not yet known. Few laboratory investigations have demonstrated that it is indeed feasible to produce clean gas (Chen et al., 2014) . However, of all those few experiments already conducted on a bench top scale, none of them were conducted under constant headspace pressure in single stage batch digester for the entire duration of the anaerobic digestion. By maintaining the system pressure in this work, it was expected that part of carbon dioxide will dissolve, favouring methane enrichment.
The main objective of this work was to investigate the effect of the digester pressure on biogas quality and quantity, and to monitor the initial and final pH of the biogas production. To achieve this, the digester pressure was monitored and controlled using a back pressure regulator while keeping the temperature of the digester constant.
Materials and methods
The sample of substrate (grass-cuttings) was analysed for elemental composition prior to digestion and the results are presented in Table1. Table 1 Characteristics of grass-cuttings (gr-c) before digestion Elemental composition of the gr-c, total solids (TS) and volatile solids (VS) were determined using CHNS micro-analyser (Flash 2,000 CHNS-O analyser, with auto sampler) and the results are as shown in the Table 1 . VS and TS were determined according to standards methods (APHA, 2005) . Gas Chromatography (PerkinElmer 480) was used for sample characterisation. The gas chromatograph used was equipped with a thermal conductivity detector (TCD) and a 2 m × 2 mm (diameter) stainless steel column packed with Porapak N (80-100 mesh). The injector temperature and oven temperature were kept at 200 and 40°C respectively for analysis of hydrogen, methane and carbon dioxide gas concentrations on channel B, and argon was used as carrier gas at 20 ml/min. Gas standards were obtained from Afrox. Standards of 10.4% N 2 , 53.64% H 2 , 4.8% CO 2 and 5.2% CH 4 were used for GC calibration. Colorimetric assay (HACH Company) was used for analysis of NH 3 -N and HOAC (Acetic acid). A pH metre (CRISON pH 25) was used to measure initial and final pH of the digester before and after ten days of digestion. In this investigation the tests were conducted in a batch pressure digester (bPD). The total volume of the digester was 750 ml and the safe operating pressure range was 100bar (Figure 1 ). The batch digester was equipped with thermocouple for controlling and monitoring the temperature, a stirrer which was operated at a speed of 25 rpm once a day for two minutes, and a heating blanket for heating the reactor to a desired temperature.
The digester was equipped with back pressure regulator for maintaining the internal digester pressure around the set-point of interest.
Anaerobic digestion of the grass was performed at different digester pressure set-points. Initially the digester was inoculated with the liquid obtained from another reactor that was operating at atmospheric pressure and 36°C. The operating volume was 700 ml (inoculum plus grass), and a 50 ml space was left for the biogas. The digester was flushed with nitrogen for 4 min to remove any traces of oxygen that might have entered the digester space during the feeding of the digester. The grass used was collected from a residential complex in Roodepoort, south of Johannesburg and placed in a fridge at 4°C for storage prior to digestion. The reactor temperature was kept constant at 36°C for each run for a period of ten days. Three pressures were tested: 2bar, 4bar, and 6bar. As soon as the digester pressure had reached the set point the regulator would purge excess gas. The purged gas was captured by displacing water in a filled upside down measuring cylinder and sampled daily using gas syringe for methane and carbon dioxide composition analysis. The results presented in Figure 2 shows GC chromatograms of biogas at different pressures that were investigated, i.e., 2bar, 4bar and 6bar gauge pressures. It should be noted that the N 2 signal detected was N 2 gas that was used for flushing the digester immediately after feeding. In Figure 3 it is observed that at 2bar, 4bar and 6bar set-point pressures were reached in different days of continuous digestion, with the 6 bar pressure attained the latest as expected. It is further noted in Figure 2 that the amount of CO 2 decreased significantly as the digester was operated at 6bar (gauge pressure). When one compare the gas composition chromatograms for these three pressures, it is evident from the chromatogram that CO 2 was indeed minimised to a large extent as expected since at higher pressure more of CO 2 solubilise. At the pressure of 2bar the amount of CO 2 appears to be higher than that of 4bar digester. This observation is shown by a broader CO 2 peak base in Figure 2 . Lindeboom et al. (2011) conducted similar kind of work, however, in their design setup the pressure was allowed to continually built-up without regulating the system pressure and again not allowing the system to purge excess biogas daily. In their study the system auto-generated up to 9 MPa maximum, and the methane concentration of 96% was achieved. In the current investigation the pressure was held constant around the set-point pressure using back pressure regulator and any other gas above the set-point was automatically purged daily by a back pressure regulator to maintain the system pressure constant around the set-point, Figure 3 . Takai et al. (2008) investigated specific methane activity in batch reactor at the pressure of 400bar and in their study they found out that bacteria activity was not hindered as pressure started building up. Figures 4 and 5 shows daily and cumulative biogas generated over a period of ten days. The digester was operated at the constant temperature of 36°C and pressure of 0bar, 2bar, 4bar and 6bar for each run. Figure 4 shows that more gas was generated when the digester was operated at the pressure of 0bar and followed by 4bars starting from day one until the sixth day; thereafter on the seventh day more gas was observed when the digester was operated at the pressure of 6bar until the tenth day of digestion. The digested grass cuttings exposed to 6bar appeared more liquid like than the grass cuttings digested at 2bar and 4bar. The decline observed on amount of daily biogas produced at 4bar and 6bar digester could be attributed to the decline in the pH value. The latter observation is also supported by Figure 8 of pH reading before and after digestion. Figures 6 and 7 present the composition of methane and carbon dioxide on daily basis under different constant digesting pressures and constant temperature. The biogas collected at 6 bar (gauge pressure) contained more methane than the biogas collected at 2bar and 4bar. The high amount of CH 4 recorded at 6bar can be attributed to the dissolved CO 2 in the digester liquid (water) which then results in methane to be dominant in the gas phase. The highest methane compositions recorded at 0bar, 2bar, 4bar and 6bar were 55.77, 62.2, 65.8 and 71.2% while carbon dioxide at the same conditions was 58.85, 35.2, 32.5 and 26.2% respectively. The obtained results are in agreement with the results obtained by Chen et al. (2014) , even though the results differ in terms of methane and carbon dioxide percentage recorded and the pressure used. Figures 8, 9 and 10 present the variation of pH, ammonia nitrogen and acetic acid after ten days of anaerobic digestion. Daily sampling of the digester liquid was not possible without having to interfere with the system constant pressure. It was observed that the pH value at 6bar was much lower than that at 2bar and 4bar.
Under pressurised conditions at 4bar and final pH of 6.96 the highest cumulative biogas was recorded after ten days period. The final pH for 2bar, 4bar and 6bar digester were 7.01, 6.96 and 6.87 respectively. The pH value of the anaerobic digester at 2bar gradually decreased from 7.14 to 7.01, at 4bar decreased from 7.12 to 6.96 and at 6bar decreased from 7.26 to 6.87. Normally it is expected that under very low pH conditions methanogens would be totally inhibited (Wang et al., 2009) , however in this instance the value of the pH was still with tolerable range. However, a decrease in biogas production was found at higher pressures. Ammonia intoxication is a serious concern in anaerobic digestion mainly when digestion of nitrogen-rich substrates such as livestock wastes and manure occurs. Adequate nitrogen content in substrate is recommended for the well-being of the digester. Wastes comprised of enough ammonium nitrogen stand a good chance to maintain system alkalinity (Angelidaki and Ahring, 1993) . Figures 7 and 8 shows the initial and final results of HOAC and NH3-N at different digester pressures. The amount of NH 3 -N was by far below the inhibiting range for all the pressures. On the other hand HOAC concentration decreased with increase in digester system pressure. So it is clear that the digesters were not showing any signs of inhibition since the ammonia levels were below inhibiting range. It is important to highlight that ammonia inhibition varies widely depending on the type of substrate and operating conditions used. The amount of ammonia-nitrogen was way below the inhibiting range, so it had no impact on the current study.
Conclusions
In the current study four pressures were investigated using a bPD. Each digestion pressure was held constant around the set-point by employing back pressure regulator for a period of 10 days of anaerobic digestion. The digester at 0bar produced highest quantity of biogas in both daily and (cumulative) as compared to digester at 2bar 4bar and 6bar. However digester at 0bar had highest quantity of carbon dioxide. pH value of the digester at 6bar dropped from 7.12 to 6.87 final. Even though the pH dropped below seven but it appeared to be still within the bacterial tolerable range. The highest methane compositions detected at 0bar, 2bar, 4bar and 6bar were 55.77, 62.2, 65.8 and 71.2% and carbon dioxide compositions were 58.85, 35.2, 32.5 and 26.2%. The quality of biogas (methane content) increased significantly with increase in pressure while on the other hand the pH values dropped with increase in pressure. Therefore further research work with pH control is recommended.
